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Summary
Objective: To assess characteristics of active motor units (MUs) during volitional vastus medialis (VM) activation in adults with symptomatic
knee osteoarthritis (OA) across the spectrum of radiographic severity and age-comparable healthy control volunteers.
Methods: We evaluated 39 participants (age 65 3 years) in whom weight-bearing knee X-rays were assigned a Kellgren & Lawrence (KL)
grade (18 with KL grade¼ 0; four each with KL grades¼ 1, 2 and 4; nine with grade 3). Electromyography (EMG) signals were simultaneously
acquired using surface [surface EMG (S-EMG)] and intramuscular needle electrodes, and analyzed by decomposition-enhanced spike-
triggered averaging to obtain estimates of size [surface-represented MU action potentials (S-MUAP) area], number [MU recruitment index
(MURI)] and ﬁring rates [MU ﬁring rates (mFR)] of active MUs at 10%, 20%, 30% and 50% effort relative to maximum voluntary force [maximal
voluntary isometric contraction (MVIC)] during isometric knee extension.
Results: Knee extensor MVIC was lower in OA participants, especially at higher KL grades (P¼ 0.05). Taking the observed force differences
into account, OA was also associated with activation of larger MUs (S-MUAP area/MVIC%effort; P< 0.0001). In contrast, the estimated
number of active units (MURI/MVIC%effort) changed differently as effort increased from 10% to 50% and was higher with advanced OA
(KL¼ 3, 4) than controls (P¼ 0.0002).
Conclusion: VM activation changes at the level of the MU with symptomatic knee OA, and this change is inﬂuenced by radiographic severity.
Poor muscle quality may explain the pattern observed with higher KL grades, but alternative factors (e.g., nerve or joint injury, physical inac-
tivity or muscle composition changes) should be examined in early OA.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Osteoarthritis (OA) of the knee is a leading cause of mobi-
lity limitations in late life and is often accompanied by quad-
riceps muscle weakness1,2. Although quadriceps weakness
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Received 28 August 2006; revision accepted 29 March 2007.11appears to be both a consequence3e5 and a risk factor for
knee OA6, muscle strengthening has not been proven to
protect individuals from OA7. Moreover, recent evidence
suggests that greater knee extensor strength increases
risk of OA progression in knees that are malaligned8,9.
Thus, the role quadriceps muscle strength plays in the nat-
ural history of knee OA appears to be complex and worthy
of further investigation.
Electromyography (EMG) measures the electrical activity
of contracting skeletal muscle and can provide a unique
physiologic assessment of the motor unit (MU) e the func-
tional unit of skeletal muscle comprised a single lower motor
neuron and all the muscle ﬁbers it innervates. The force
generated during a muscle contraction is determined by
the number of and size of active MUs, as well as the rate
and timing of their discharge. Since all ﬁbers in a given
MU contract synchronously in an all or none fashion, the
precision with which muscles are engaged in action is
largely dependent on MU size, ﬁring rate and activation34
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principle10, MUs are recruited into action beginning with
smaller units and adding progressively larger units as force
increases. In large muscles, such as those engaged during
knee extension, force increases are achieved by progres-
sive recruitment of MUs. Additional force is generated at
higher levels by increasing the rate at which the MUs ﬁre.
In contrast, the strategy employed by small muscles, e.g.,
intrinsic hand or ocular muscles, ﬁring rate increases prior
to recruitment of additional units. Thus, the MU activation
pattern and strategy employed by large muscles during
knee extension allows for exertion of greater force, but
with less precise control than that which is achievable by
smaller muscles, e.g., intrinsic hand or ocular muscles.
EMG techniques have been developed to study MU activ-
ity during muscle activation that indicates the size and num-
ber of active MUs and the rate at which they discharge11,12.
Neuromuscular alterations, and speciﬁcally changes in the
peripheral nerve, MU, and muscle composition, are likely
contributors to age-associated sarcopenia13, and are also
plausible contributors to the impact of the quadriceps on
OA e an age-associated disease. We have previously dem-
onstrated age-associated MU recruitment patterns during
progressive, sub-maximal muscle activation of the vastus
medialis (VM)13e16. Since the size of active units is directly
related to muscle force generated, alterations in the MU
might at least in part explain the relationship of muscle
weakness with OA. Thus far, EMG techniques used to
study OA have been limited to the evaluation of whole mus-
cle activation patterns assessed by surface EMG during
mobility task performance17. Although informative with re-
gards to the timing and magnitude of whole muscle contrac-
tion, surface EMG cannot distinguish between neural and
muscle contributions to force generation. At this time, little
is known regarding the pattern of MU activation during force
generation in the presence of knee OA.
In this study, we employed a technique developed to
sample active MUs during knee extension at different force
levels using EMG signals simultaneously acquired from sur-
face EMG (S-EMG) and an intramuscular needle. We used
this method to assess MU activation patterns, speciﬁcally
MU size and ﬁring rate, in adults with symptomatic knee
OA across the spectrum of radiographic severity and
healthy control volunteers of comparable age.
Methods
STUDY DESIGN
WeanalyzedEMGdata fromparticipants inacaseecontrol
observational study that were pooled with pre-intervention
data from an electrical stimulation treatment study for OA of
the knee18. This research was approved by the Institutional
Review Boards of the Johns Hopkins Bayview Medical
Center, MedStar Research Institute and the Johns Hopkins
University Joint Committee on Clinical Investigation.
PARTICIPANTS
Cases from both studies comprised adults with symptom-
atic, radiographically conﬁrmed OA of the knee who were re-
cruited from the BaltimoreeWashingtonmetropolitan area by
newspaper and Internet advertisements, and clinic posters.
Healthy controls were recruited by the same means, and
data were pooled with data from healthy adult participants
of the Baltimore Longitudinal Study of Aging who deniedknee symptoms or radiographic signs of OA and who under-
went the same EMG evaluation. The analysis sample com-
prised 21 participants with OA of the knee and 18 controls.
MEASURES
Evaluation of OA
Knee symptoms were assessed by asking, ‘‘During the
past year, have you had pain, aching or discomfort in
your knees on most days for at least one month?’’ In addi-
tion, weight-bearing AP radiographs were independently
assigned a Kellgren & Lawrence (KL) grade (0e4) by two
rheumatologists19. Discordant readings were adjudicated
by discussion and consensus between the two reviewers.
Strength testing
All strength measurements and testing were performed
on a Kin-Com 125E dynamometer (Chattecx, Chattanooga,
TN) following the same standardized protocol20e22. Maxi-
mal voluntary isometric force in Newtons (N) was measured
at a knee angle of 60 of ﬂexion. The average of the two
best trials out of three was used as maximal voluntary iso-
metric contraction (MVIC).
Electromyographic data collection
These data were collected using previously published
methods and analyzed by decomposition-enhanced spike-
triggered averaging (DE-STA)15,16,20 as described below.
The basic approach is to collect surface and intramuscular
needle electrode EMG while subjects generate a ﬁxed iso-
metric force on the KinCom that represents a given percent-
age of their MVIC. The needle signal is used to identify
individual MUs, while the surface EMG reﬂects the total
muscle activity, and is decomposed to identify the surface
representation of the individual MUs.
Electrical activity of the muscle was recorded using an ac-
tive electrode over the VM muscle as the femoral nerve was
electrically stimulated with a Teca bipolar stimulator. The in-
active recording electrode was placed on the patellar tendon
andground electrode positioned between the stimulating and
recording sites. The active and inactive recording electrodes
were Teca 32 mm diameter discs. The recording electrode
was moved several times to assure that recording was over
the innervation zone and that supra-maximal stimulation re-
sulted in a compound muscle action potential (CMAP) of
maximum amplitude and minimal rise time.
After determining MVIC, the concentric needle electrode
was positioned in the VM directly beneath the surface elec-
trode conﬁguration. Since most physical activities are
achieved at relatively low force levels, rather than at MVIC,
data were collected during knee extension with subjects sus-
taining consistent knee extension contraction for a period of
20e30 s at intensities of 10, 20, 30 and 50 percent (%) effort
relative toMVIC. EMGsignalswere ampliﬁed, ﬁltered and ac-
quired using a Clarke Davis Advantage Medical A100 EMG
system (London, ON). Simultaneously detected intramuscu-
lar and surface detected EMG signals were acquired using
band pass ﬁltering from 10 Hz to 10 kHz and 5 Hz to
1000 Hz, and sampling rates of 25 kHz and 2.5 kHz, respec-
tively. Repeated efforts were made at each force level with
intramuscular electrode repositioning until 15e20 MU trains
were sampled at each force level (coefﬁcient of variation of
approximately 10%)13. MU trains and surface-represented
MU action potentials (S-MUAP) were reviewed visually to
1136 S. M. Ling et al.: Knee OA EMGverify accurate placement of onset and peak markers and S-
MUAP peak-to-peak to baseline ratio of 10:1. Trains that
contained fewer than 50 detected potentials or demonstrated
inconsistent or non-physiologic ﬁring properties were ex-
cluded from the analysis23.
To examine the extent of muscle activation during contrac-
tions, the surface EMG (S-EMG) was rectiﬁed, and the root
mean square value of the EMG signal obtained over the
30-s contraction was calculated23,24. S-EMG amplitude
represents the average electrical activity of the muscle mea-
surable by the electrode during the speciﬁc contraction. The
DE-STA program allows a complex interference pattern to
be broken down into single MU action potentials, relative
to the measured S-EMG amplitude15,16,20,23,25. S-MUAPs
were analyzed and used to obtain estimates of mean MU
ﬁring rates (mFR) e the rate at which MUs discharge during
the measured part of the contraction. S-MUAP area,
although highly correlated with S-MUAP amplitude
(r¼ 0.97)16,20,25, was the preferred indicator of MU size for
calculating the ratios described below.
Using the three primary measurements obtained from this
method, S-MUAP area, mFR and S-EMG, several other
properties were considered. Since S-EMG represents the
total activity of the muscle, and the product of S-MUAP
area and mFR represents the surface contribution to
S-EMG of a single unit, the MU recruitment index (MURI)
was calculated by dividing the S-EMG by the product of
the S-MUAP area and mFR as an estimate of the number
of active MUs at the site of EMG recording in the VM during
each contraction16,20. Note that MURI is an indicator of the
number of active units assuming that factors that could po-
tentially impact S-EMG are constant across subjects. The
ratio of the estimated MU size relative to the force gener-
ated was calculated (S-MUAP area/force). The ratio of the
number of active MUs relative to the force produced by
the muscle contraction (MURI/force) was also calculated.
Co-variate information
Body mass index (BMI) was computed as weight (kg)/
height (m2). Since body fatness could potentially inﬂuence
the EMG data, body composition was assessed using a
Lunar DPA densitometer (Lunar Corporation, Madison, WI).
Physical activity was assessed in a subset of participants
using a pedometer (New Lifestyles Digi-walker SW-200,
Yamax, Tokyo, Japan) that recorded the average number
of steps taken over 3 days18,26. The participants were asked
to maintain their usual activity level and to wear the pedome-
ter on a belt at hip level continuously throughout the day, ex-
cept when swimming or bathing. Participants were instructed
to keep a log of the number of steps walked each day, and
also indicate when they wore and removed the pedometer.
Limitations of the Digi-walker pedometer is the underestimat-
ing of counting steps at slower walking speeds27 and in over-
weight and obese individuals28,29. Also, it does not capture all
activity such as skiing, weight lifting, and bicycling.
DATA ANALYSIS
Analyses were completed in SPLUS 6.2 or 7.0 (In Sight-
ful, Seattle, WA). Chi-square and t tests were used to com-
pare subject characteristics. All dependent variables were
examined for deviation from normality. Terms that included
S-MUAP were skewed and therefore log transformed for the
analysis. Mixed effects’ models were used to examine the
relationships between MU variables’ (S-MUAP area, mFRand MURI) OA grade and %effort. The mixed effects’ model
included a random effect for subject. The model allowed for
the study of all the MUs collected from each subject at each
percent effort, while also accounting for the correlation be-
tween repeated measures. All models (except for S-EMG)
had the following form:
Yij ¼

b0þ bj0
þ b1OA gradej þ b2 percentij
þ b3OA gradej  percentij
where Yij represents the MU property for the i th MU and j th
subject and bj0 being the random effect for subject j.
S-EMG analysis used similar models except that an average
value was calculated for each percent effort within a subject.
The last term OA grade%effort was included when exam-
ining the interaction between OA grade and %effort (force
level). Fat mass and steps per day were added to models
but were not signiﬁcant and therefore excluded from the ﬁnal
models. We assumed that S-MUAP variance would increase
as force increased, as larger units are sequentially activated
with increasing variance, and modeled variance as a power
function in relationship to the percent of effort. This assump-
tion was found not to inﬂuence the reported ﬁndings. Statis-
tical signiﬁcance was accepted at P< 0.05.
Results
Participants with OA included 11 women and 10 men with
symptomatic, radiographically conﬁrmed disease (four each
with KL grades¼ 1, 2 and 4, and nine with grade 3) and an-
alyzed together with 18 control participants (six women and
12 men with KL¼ 0). As shown in Table I, participants with
knee OA exhibited lower isometric knee extensor strength
(MVIC) than controls (P< 0.05), and also a trend toward
lower mean S-EMG amplitude across all effort levels than
controls (P¼ 0.095). Participants with OA also were heavier
(30.5 vs 25.3; P¼ 0.022) and less active (2157 vs 8467
steps per day; P¼ 0.0002).
Table II summarizes the knee extensor strength and
S-EMG amplitude of the VM muscle by radiographic seve-
rity (KL grade). Participants with higher KL grades exhibited
signiﬁcantly lower knee extensor strength (MVIC) than par-
ticipants with normal X-rays (KL grade¼ 0; P¼ 0.05).
Participants with higher KL grades also exhibited signiﬁ-
cantly less effort-related increases in S-EMG amplitude
than participants with lower KL grades (KL grade%effort
interaction, P< 0.0001). S-EMG amplitude was signiﬁcantly
Table I
Characteristics of participants with and without knee OA
Control
(N¼ 18)
Knee OA
(N¼ 21)
P-value
KL grade 18
0 0
1 4
2 4
3 9
4 4
Age (years) 66.14 2.3 65.49 2.8 0.861
Female (N ) 6 11 0.423
MVIC, N 461.33 41.14 344.12 24.29 0.016
Surface EMG amplitude
(mV)
104.64 11.55 79.689 9.168 0.095
BMI (kg/m2) 25.3 3.7 30.5 4.9 0.022
Steps per day 8467 2154 2157 1794 0.0002
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Surface EMG amplitude and force by radiographic severity and effort
KL grade 0 (N¼ 18) I (N¼ 4) II (N¼ 4) III (N¼ 9) IV (N¼ 4) P-value P-value
interaction
MVIC (N) 461.3 174.6 364.9 438.6 438.6 148.9 337.9 58.6 242.9 112.4 0.050
Surface-EMG amplitude (mV)
10% 53.6 26.1 81.3 16.2 76.3 40.8 46.6 21.4 43.3 11.1 0.800 <0.0001y
20% 84.5 37.0 120.7 18.61 110.7 54.3 66.0 31.2 48.8 0.255
30% 105.6 40.0 134.6 22.04 152.3 70.2 85.34 35.0 74.9 24.04 0.031
50% 173.22 71.8 194.3 47.6 236.8 146.9 123.0 39.8 92.7 26.3 0.031
MUs detected of
2312 total
280 216 230 486 208
S-MUAP area (mVms)
10% 323.9 204.0 399.5 160.9 407.4 235.8 265.3 145.3 265.4 119.7 0.47 <0.0001y
20% 523.7 338.7 586.1 240.2 550.0 271.4 382.8 250.3 267.6 143.3 0.42
30% 650.6 398.6 714.9 281.3 731.3 367.9 508.0 316.0 416.6 198.1 0.18
50% 1078.9 818.3 1065.2 537.7 1035.8 563.6 791.4 441.0 500.1 251.4 0.06
yP-values from interactions using mixed effects model (OA by %effort).lower in participants with higher KL grades at 30% and 50%
MVIC (P< 0.05).
We then examined the relationship between radiographic
severity and MU activation characteristics (S-MUAP area,
MURI, mFR) by comparing these characteristics by KL
grade at each effort level. As shown in Fig. 1(A), S-MUAP
area changed differently by KL grade as %effort increased
(P< 0.0001). In contrast, KL grade was not consistently as-
sociated with mean differences in ﬁring rate [Fig. 1(B);
P> 0.05]; nor with the estimated number of active MUs
(MURI) at any effort level [Fig. 1(C); P> 0.05].
Lastly,weassessedMUcharacteristics relative to the force
achieved using ratios of S-MUAP area, MURI and mFR to
force (MVIC%effort). These models included KL grade,
%effort and KL grade by%effort interaction terms to examine
the extent to which these patterns changed differently by OA
grade as effort increased. Fig. 2(A) displays the size of MUs
(S-MUAParea) activated per unit force by%effort for eachKL
grade. S-MUAP area per unit force changed differently by KL
grade as %effort increased [Fig. 2(A); P< 0.0001]. Taking
into account the main effects of %effort (P< 0.0001) and
KL grade (KL grade 1; P¼ 0.07), at 50% MVIC S-MUAP
area per unit force was higher in participants with KL grade
1 (P¼ 0.0545) and grade 4 (P¼ 0.0004) compared to con-
trols (Table III). The index of the number of active units
(MURI) per unit force at a given %effort also changed differ-
ently by OA grade, particularly with KL grade 4 [Fig. 2(B);
P¼ 0.0002]. As shown in Table IV, MURI per unit force was
higher in participants with KL grades 3 and 4 compared to
controls at all effort levels (P< 0.05), taking into account
the main effects of %effort (P< 0.0001) and KL grade (KL
grade 4; P¼ 0.0001). Taken together, participants with
more severe radiographic OA activated a greater number of
larger MUs to achieve a given force level. In contrast, partic-
ipants with less severe radiographic OAactivatedMUswhich
were larger, but not more numerous than controls.
Discussion
Weakness of the kneeextensormuscles is associatedwith
OA of the knee and contributes substantially to disease-
related mobility limitations1,2,5. This study assessed the acti-
vation characteristics of functional MUs in the VM muscle in
symptomatic knee OA across the spectrum of radiographicseverity and in healthy control volunteers of comparable
age by simultaneously examining EMG signals acquired
through surfaceand intramuscular needle electrodes. The re-
sults of this study suggest that participants with knee OA ex-
hibit less whole muscle activity by surface EMG at higher
effort levels during knee extension. In addition, the surface-
represented MU area, changed differently as relative effort
levels with less increase observed in subjects with higher
compared to lower KL grades. Furthermore, participants
with OA achieved a given force level by activating larger
MUs e a difference of greatest magnitude at lower effort
levels. Finally, the estimated number of units activated to
achieve a given force level changed differently by KL grade
as %effort increased. Taken together, these observations
suggest that activation strategies differ betweenOA subjects
and controls and also between KL grades.
The pattern of larger andmoreMUs activated per unit force
achieved in subjects with higher KL grades suggest poorer
muscle quality in subjects with more advanced disease. In
contrast, the pattern of larger but fewer MUs per unit force
that was observed in participants with lower grade OA would
not be explained by poor muscle quality. The activation of
larger but fewer MU’s to achieve a given force level observed
in subjects with less severe OA may be related to the lower
physical activity levels (fewer number of steps taken) ex-
hibited by OA subjects, and is consistent with limited reports
of increasedMUamplitudes in associationwith knee immobi-
lization for ligament or meniscus injury30. This pattern has
also been described with re-innervation following nerve in-
jury31 whereby orphaned muscle ﬁbers are adopted by sur-
viving adjacent lower motor neurons and re-organized into
larger MUs. Additional explanations are that the observed
MUsizedifferencesmay reﬂect differences inmuscle compo-
sition of a larger proportion of fast-twitch ﬁbers or that thigh
size differences between cases and controls may have re-
sulted in differences in sampling depth32. Finally, simulta-
neously ﬁring MUs (synchronization) would be detected as
S-MUAP area of larger size and might also explain the larger
MUs observed with OA.
We can speculate that larger but fewer MUs would result
in less neuromuscular control. These results complement
reports of reduced force accuracy and steadiness in partic-
ipants with knee OA who would typically overshoot when at-
tempting to match 50 N and 100 N force targets33, and
parallel observations of poor quadriceps muscle control
1138 S. M. Ling et al.: Knee OA EMGand inappropriate quadriceps muscle activation in patients
with anterior cruciate ligament deﬁciency34 e a known risk
factor for OA development. We theorize that force exerted
with less control could theoretically accelerate rather than
prevent joint damage, particularly with coexisting proprio-
ceptive deﬁcits known to accompany OA35e37. This idea
is consistent with Sharma and colleagues’ recent report of
more rapid progression of knee OA in stronger subjects
with malaligned knees compared to weaker subjects8,9.
The observations in this study should be regarded as pre-
liminary given the following limitations. Although the study
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Fig. 1. (A) Surface representation of the MUS-MUAP area by KL
grade and %effort. More advanced radiographic OA was associ-
ated with activation of smaller MUs (S-MUAP area) at lower effort
levels that increased less as %effort increased compared to lower
KL grades (P< 0.0001), taking into account the observed effort-
related increase in S-MUAP area. (B) mFR by KL grade and
%effort. mFR increased as %effort increased (P< 0.001), but com-
parably across all KL grades (interactive effect P> 0.05). (C) MURI
by KL grade and%effort. The estimated number of active MURI also
increased progressively as %effort increased (P< 0.001), but did so
comparably across all KL grades (interactive effect P> 0.05).sample included subjects with OA across the severity spec-
trum, this report was based upon a small sample in which
the OA evaluation was limited to the tibiofemoral joint of
the knee. Hence, we cannot exclude the possibility that
the observed changes might be inﬂuenced by
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Fig. 2. (A) S-MUAP per force (UvMSEC/N) by %effort and KL
grade. Effort-related changes in S-MUAP area per unit force dif-
fered signiﬁcantly by OA grade (P< 0.0001). Speciﬁcally, OA group
differences in S-MUAP area per unit force were most prominent at
lower effort levels. (B) MURI; 1/N, by %effort and KL grade. MURI
per unit force changed differently as %effort increased by OA grade
(P¼ 0.0002). Interestingly, at lower effort levels MURI per unit force
was signiﬁcantly higher in participants with more severe radio-
graphic OA and lower in participants with less severe disease.
1139Osteoarthritis and Cartilage Vol. 15, No. 10patellofemoral OA, or might be attributable to OA in other lo-
cations such as the hip or spine. We also acknowledge that
differences in physical activity levels and exercise habits
between OA and control groups may potentially inﬂuence
muscle composition and MU behavior, and were not ade-
quately assessed in this study. We also acknowledge that
the data were acquired during isometric knee extension
testing at effort levels proportionate to each participant’s
maximum voluntary contraction force. Although sub-maxi-
mal effort could explain the lower S-EMG values observed
e particularly in participants with advanced OA, this would
not explain the effort-related observations since the per-
centage effort examined was obtained relative to each indi-
vidual’s maximum effort. Finally, data were analyzed using
the spiked triggered averaging and the decomposition pro-
gram (DE-STA); that although previously shown to reliably
estimate MU numbers, may exhibit bias toward preferential
sampling of larger MUs12,21. However, at low force levels
this does not appear to be a problem. This method also pro-
vides mean values of ﬁring rates across the MUs sampled
that although consistent with the estimates observed in
older adults previously published using different tech-
niques38,39, do not yield information on ﬁring rate variability
between individual MUs15.
This study employs a unique approach to the problem of
OA associated muscle weakness. This approach evaluates
properties of the MU e the most discrete functional compo-
nent of the muscle that imparts control of muscle activation,
relative to force achieved by the whole muscle. This study
uniquely examines MU activation patterns in the context
of changes in knee extensor muscle strength across a spec-
trum of radiographic severity. Although not deﬁnitive, the re-
sults of this study suggest that muscle activation changes at
the level of the MU in the context of symptomatic knee OA,
Table III
S-MUAP area per force models
B-coefﬁcient Std. error P-value
(Intercept) 1.731 0.074 <0.0001
KL grade main effect
Grade l 0.199 0.107 0.0718
Grade 2 0.015 0.073 0.8321
Grade 3 0.037 0.040 0.3632
Grade 4 0.021 0.042 0.6098
Percent (%) MVIC main effect
20% 0.162 0.022 <0.0001
30% 0.111 0.010 <0.0001
50% 0.089 0.006 <0.0001
Interactive effects between KL grade and %MVIC
KL grade 1
20% 0.003 0.033 0.9123
30% 0.011 0.151 0.4531
50% 0.018 0.009 0.0545
KL grade 2
20% 0.012 0.018 0.5178
30% 0.005 0.009 0.5423
50% 0.000 0.006 0.9715
KL grade 3
20% 0.000 0.110 0.9466
30% 0.000 0.005 0.9429
50% 0.005 0.003 0.1365
KL grade 4
20% 0.017 0.015 0.2585
30% 0.006 0.006 0.3568
50% 0.014 0.004 0.0004and that this change is inﬂuenced by radiographic severity.
Whether these changes are causal or in response to the
development of OA will require further studies.
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